In Exp. I, the way to resolve the disparities of color between successively presented stimuli was tested with different color combinations of identical shapes. In Exp. II, the interaction of shape and color differnces was tested in determining two-or three-dimensional perceptual rotation. Four to five undergraduates served as subjects in each experiment.
Linke was the first to point out that visual apparent movement can take place even though the stimulus objects differ in form.
His main conclusion was that movement would be perceived if and only if the two phases seen were identified as referring to one and the same stimulus object (Linke, 1918) . The perception of apparent movement, however, did not always depend on identification of two stimuli: under proper spatio-temporal conditions, disparate stimuli in shape or color produced the movement as readily as identical stimuli (Kolers, 1972; Kolers & Green, 1984 : Kolers & Granau, 1976 Kolers & Pomerantz, 1971; Ohmura, 1981) . Unfortunately, the results of these studies are quite various. Kolers and Pomerantz (1971) studied the effects of similar and disparate shapes upon apparent movement. The results revealed, in addition to the motion percept itself, two distinctive resolving capabilities that the visual system uses. One is a plastic deformation of shape, whereby one figure undergoes distortion of contour to become a second; the other is a rotation of a rigid shape in depth. Increasing stimulus duration increases the likelihood of all three, but changes in depth occur at longer interstimulus intervals than changes of shape. The influence of shape itself in resolving disparities was found to be very small. Thus they concluded that the principal determinant of the perceptual outcome is the temporal propertics of the apparent motion stimulus, and the form properties are the secondary.
On the other hand, the shapes themselves may also be important in determining the type of motion seen. Some evidence suggests that there are apparent movement displays which almost always move in depth (the so-called Neuhaus triangles, for example), whereas other displays rarely, if ever, produce three-dimensional motion (for example, when both shapes at the termini of the motion are identical) (Neuhaus, 1930; Shepard & Judd, 1976; Ohmura, 1981; Ohmura & Saigo, 1982; Warren, 1977; White, Wenderoth, & Curthoys, 1979) .
By presenting in alternation perspective views of the same three-dimensional object in two orientations, Shepard and Judd (1976) produced the appearance of a single object rotating either (1) in depth about the vertical axis of the object or (2) around a circle in the picture plane. They showed that three-dimensional rotation was perceived for the stimulus pairs having an angular difference between the orientations in depth, and two-dimensional rotation for those having an angular difference between the orientations in the picture plane. White et al. (1979) , using the same trapezoid shapes as in the study of Kolers and Pomerantz (1971) , indicated that the stimulus configuration, that is, the shapes and their relationships to one another, is critically important in determining the type of perceived movement, and that in some situation they may become a more powerful determinant than the temporal properties. Ohmura (1981) and Ohmura and Saigo (1982) also suggested that the types of perceived movement (translation, plastic deformation, two-dimensional rotation and three-dimensional rotation) depended directly on the types of geometric transformation of stimuli (identity-, topology-, congruent-and projective-transformations, respectively), and not only on the temporal conditions.
A few reports in the literature on apparent movement are directed to the question of color. Wertheimer (1912) , Van der Waals and Roelofs (1930, 1931) , and Squires (1959) , among others, all reported that apparent movement was seen between disparately colored flashes, but they did not systematically address the question of how the colors appeared to change. Recently Foster and Idris (1974) reported that motion effect occurred with spectral lights presented near threshold, but they could not study the appearance of color change. Kolers and Granau (1976) tested similarities or differences that might exist in the resolution of colors and shapes. If two stimuli are presented with a red and a green, the visual system could desaturate one to a neutral point and then saturate the other from that point; or it could allow the red to change through orange and yellow to green, for example. Neither of these occurred. No intermediaries were found between two discriminably different colors: one changed abruptly to the other. The abrupt change of color occurred even when the stimuli were doubly disparate in shape and color. The shape was seen to change gradually, and the color to change abruptly, but color was always seen filling in the contours of the apparently changing shape.
More recently Kolers and Green (1984) , using differently-colored pairs as stimuli, examined how the visual system would resolve the disparity of color. In this experiment, two adjacent squares were alternated with another pair presented separately in space. In this case, the color of a square was either red or green. Identical adjacent colors produced solid-color' objects; different adjacent colors produced split-color' objects. The split-color rectangles were composed of identical pairs or of mirror-image pairs, and the solid-color rectangles were composed of identical colors or different colors (Fig.1) .
For all the conditions, observers reported that motion in three-dimension occurred at longer and motion in two-dimension at shorter ISIs. The effects of color and disparities in color were marginal at best. From these results, they concluded that similarly-colored and differently-colored pairs move and transform similarly, but the type of resolution was dependent more upon timing than upon color. These findings reaffirm the previous view of Kolers and Pomerantz (1971) on the resolution of the disparities in shape. Kolers and Green (1984) , therefore, denied the notion of intelligence as it might be applied to vision (Hochberg, 1981; Rock & Smith, 1981; Sigman & Rock, 1974) .
Contrary to this, in pilot studies, the author has found the influence of color itself in resolving the disparity of color in the same way as of shape. If the visual system uses an intelligent' solution to rotate three-dimensionally the disparate color pairs set in mirror-image, we could support the notion of intelligence.
In the present experiment, the author examined how the visual system would resolve the disparity of color in relation to that of shape. In Exp. I, the way to resolve the disparity of color was tested with various color combinations in identical shapes. In Exp. II, the interaction of shape and color was tested, using the doubly disparate stimuli in shape and color.
Experiment I
This experiment was directed at the color effects in the resolution of disparate colors. This was the reexamination of a part of the studies by Kolers and Green (1984) . The stimulus conditions, therefore, were determined following theirs.
Method
Apparatus. Apparent motion conditions were generated by the pulsed flashing of stimuli, which can be laterally displaced. A four-channel timer was used, which controlled the duration of each of the two flashes and the interval between their onsets (SOA: stimulus onset asynchrony). The first stimulus on the left panel and the second on the right were presented and separated spatially by 1.0 deg in visual angle between the two closest sides of the shapes. This spatial distance was smaller in this experiment than 2.4 deg in the study of Kolers and Green (1984) , for White et al. (1979) has shown that decreasing the separation leads to more three-dimensional rotation. A small point of fixation (lightemitting diode, 0.1 deg in diameter, 6cd/ m2 in luminance) was set on the left, 1.3 deg in visual angle from the center of the first stimulus. The stimulus pattern was produced by covering a luminescent panel with the black paper cut out to generate a rectangle, on which chromatic filters (green: Kodak Wratten gelatin filter No. 58 or red: No.25) were mounted. The distance from the subjects' eyes to the stim- A pair of colored squares in the right was followed after an interval by a pair in the left. G: green, R:
red.
were well acquainted with the experiment of apparent movement. Procedure. Twenty-eight different conditions, specified by the combinations of the four different stimulus configurations with the seven different SOAs, were presented four times in random order. A total of 112 trials, therefore, was given to each subject. Preceding the experiment, each subject was darkadapted for 10min, while the instruction was given to him. Two stimuli were presented successively with the stimulus durations of 80 ms and ICI of 800 ms, while the subject fixated a small point. The stimuli were repeatedly given until the subject was able to respond to these. He was required to report on each trial by pressing the appropriate key. The task was to decide whether he perceived (1) movement of translation, in which smooth continuous movement of a single object occurred across the whole space between the two end positions, (2) movement in depth, in which an object seemed to second stimuli were identical in color arrangement, the type of perceived motion was translation across all SOAs (see Figs. 3-(a) and -(b)). In this case, subjects saw an object traverse the screen in a twodimensional plane.
In the condition (c), consisting of the mirror-image pair in color, two types of rotations (two-dimensional and three-dimensional) were perceived: The latter appeared more frequently than the former on the whole. This was tested by performing analysis of variance (F(1,4)= 7.73, p<0.05).
Specially, three-dimensional rotation in motion occurred frequently at longer SOAs, but two-dimensional movement only in a few times for shorter SOAs: Subjects reported the perception of an object that seemed to rotatc behind or in front of the plane of the display at longer SOAs, and the perception of an object which slid across the screen at shorter SOAs. The peak of the three-dimensional motion curve is at SOA 200 ms, and that of the two-dimensional one at SOA 100 ms.
Then, also in the condition (d) in which both stimuli totally differ in color combination, two-dimensional and three-dimensional movements were perceived: The former appeared more frequently than the latter on the whole (F(1,4)=10.24, p< 0.03). Two-dimensional movement occurred over all SOAs, and the peak of this curve was at shorter SOAs (100-160 ms). Three-dimensional movement also occurred for longer SOAs, and the peak of the curve was at SOA 200 ms. However, the three-dimensional movement in this case was different from that in the condition (c), and an object did not rotate in depth. It was the perception of an object which traversed a convex curved surface between two stimuli. The color changed not continuously but suddenly.
These findings suggest that color information may also be the powerful determinant in resolving the type of perceived movement. ent conditions were set. In both conditions (a1) and (b1), the two stimuli were the solid-color objects forming an identical pair. In the conditions (a2) and (b2), they were the split-color and the disparate: In (a2) RG was paired with its mirror reflection, and in (b2) RG was paired with its 45 deg rotation in the picture plane. In the conditions (a3) and (b3), they were the solid-color and color difference were combined.
The distance between both adjacent sides of shapes was 1 deg in visual angle.
Temporal conditions. The stimulus duration was always 100 ms, and the eight different SOAs were 30, 60, 100, 140, 200, 280, 380 and 500 ms. ICI was 800 ms.
Subjects. Four observers participated in the experiment. All were either normal or corrected normal vision.
Apparatus, distance of viewing, and so on were the same as in Exp. I.
Procedure. For each of the conditions (a) and (b), 24 different situations, specified by the combinations of the three different color arrangements with the eight different SOAs, were presented four times in random order. A total of 96 trials, therefore, was given to each subject. The experiment was divided into two sessions: pertaining to the conditions (a) and (b). Each session was preceded by a period of 10min dark adaptation. Observation was with binocular vision, and the observers fixated at the small point during observation. During the dark adaptation, subjects were instructed to respond to one of two keys according to the type of the perceived movement between two stimuli successively presented. The stimuli were repeatedly given until the subjects were able to respond whether motion was seen or not.
The numbers for the types of perceived movement reported by all subjects were pooled for each condition, and the numbers to the total trials under each condition were converted to the proportion of seeing particular motion.
Results
In Fig.5 the proportion of perceived movement for each of the different stimulus configurations is shown as a function of eight different SOAs.
The upper panels show the data collected with the condition (a), and the lower panels show them collected with the condition (b). As expected, three-dimensional rotation in the condition (a) and two-dimensional rotation in the condition (b) occurred for all three conditions in spite of the differences in color arrangement. However, the proportion of per- Kolers and Pomerantz (1971) that timing relations were more important than figural relations in resolving disparities of shape, and then by Kolers and Green (1984) that disparities in color did not induce the visual system to generate a sense of depth out of the display, and the factors to affect the perception were SOA between the flashes. Thus, they concluded that, in the domain of apparent movement, color and shape seem to interact little with the processes creating a sense of the space in which the movement occurs.
On the other hand, it has been found that the temporal conditions of the apparent motion stimulus are not always the principal determination of the perceptual outcome, and that, in some situations the form properties of the stimulus may become a more powerful determinant (White et al., 1979) . Ohmura (1981) and Ohmura and Saigo (1982) , in the early studies, has also proved that the form properties play an important role in determining the type of perceived movement. They indicated that the types of perceived motion corresponded to those of geometric transformation of stimuli used. Translation in motion corresponded to identity transformation (the same stimuli in form). Three-dimensional rotatory motion corresponded to projective transformation (rotating the stimulus 180 deg in depth about the vertical axis). Two-dimensional rotatory motion corresponded to congruent transformation (rotating the stimulus 45 deg clockwise in the picture plane).
In the present study, the author examined the effects of color and the interaction between color and shape on reports of motion in two-and three-dimensions. In Exp. I, by inducing disparities among colors under identical shapes, it was asked how the visual system would resolve the problem. The basic stimulus arrangement used was adapted from Kolers and Green (1984) , except that the spatial distance between the two stimuli was smaller than in their study. The main results were as follows: (1) In the conditions (a) and (b), in which the stimuli were identical in color combination whether it was the differently-colored or the similarly-colored, twodimensional movement (translation) occurred over all SOAs. (2) In the condition (c), in which the stimulus was paired by its mirror reflected, three-dimensional rotation was frequently perceived with longer SOAs and two-dimensional movement was only perceived with shorter SOAs. The three-dimensional motion required longer SOA than the two-dimensional. (3) Here also in the condition (d), in which the stimuli were quite different in color, three-dimensional and two-dimensional motions occurred. In this case, the three-dimensional motion was not the rotation in depth, but an object traversed a convex curved surface between two stimuli. The change of color was not continuous but sudden. Thus, the determination of the type of apparent movement was dependent on the disparities in color of the stimuli, but not on SOA.
These findings are incompatible with those of Kolers and Green (1984) . In the present experiment in which both stimuli were identical in form combination, only two-dimensional movement should always be expected to occur if there had not been effects of disparities in color. However, three-dimensional rotation was feasible for the color combination of a mirror reflection as in the case of shape. Thus, these findings indicate the parallelism in the way the visual system resolves the disparities in shape and in color.
Thus, as the effects of the disparities in color were found in Exp. I, the interaction between the effects of the disparities in shape and color was tested in Exp. II. For that purpose, the disparities in the color combination and in the shape combination were created. Concerning the conditions of shape, there were two kinds: The condition (a) in which two right-angled trapezoids were symmetrically arranged side by side (mirror reflection), and the condition (b) in which a square was paired with a 45 deg planar rotation. For each condition three different color combinations were set: identical, symmetrical or planar rotation and different. According to Kolers and Green (1984) , it would be expected that for all the conditions nearly the same frequencies of three-dimensional rotation appear at longer SOAs regardless of the disparities in shape and color. On the other hand, according to the view which regards shape and color properties as important factors in determining the type of perceived motion, two-or threedimensional movement would occur depending upon the type of the stimulus configuration in shape and color. The results of Exp. II indicated the existence of the interaction between shape and color: In the shape conditions (a), three-dimensional rotation was perceived over all SOAs, and in the shape conditions (b), two-dimensional rotation was perceived over all SOAs. However, in both conditions, these frequencies of perceived movement varied with the different kinds of color combination. For the conditions (a2) and (b2) in which the stimulus configuration in shape and color was the same type (mirror reflection or 45 planar rotation), the proportion of perceived rotatory movement was the highest. For the conditions (a1) and (b1), in which the stimulus configuration in shape and color was the different type (identical in color), it was intermediate. For the conditions (a3) and (b3), in which the stimulus configuration in shape and color was the different type (different in color), it was the lowest. These findings show the interaction of shape and color: The same type of the stimulus configuration in shape and color facilitated the occurrence of perceived rotatory movement (two-or three-dimensional).
The variety and complexity of perceptual effects has led to many conjectures: Not only retrospection and knowledge (Van der Waals & Roelofs, 1930 , 1931 have been involved in apparent motion, but intelligence and logical skills in resolving disparities (Hochberg, 1981; Sigman & Rock, 1974; Rock & Smith, 1981) also. If the visual system uses the intelligent' solution to rotate three-dimensionally the disparate color pairs set in mirror-image, we could support the notion of intelligence. But Kolers and Green (1984) , on the basis of the fact that both disparities of shape and color did not induce the visual system to create a sense of depth out of the display, have denied this notion.
On the contrary, the present experiments indicated that one of the stimulus pairs both with the disparities in shape and in color rotated three-dimensionally around a vertical axis to become the second, or one pair rotated two-dimensionally in the plane of the display to become the second pair. These are indeed an 'intelligent' wa y to resolve the disparity in the visual system.
From the obtained results we can conclude as follows:
(1) The disparities in color of stimuli have a pronounced influence on the quality of perceived movement, but not on the total proportion of seeing motion itself.
(2) The perceptual transformation in apparent movement is determined by the type of the stimulus configuration in color as well as in shape.
(3) The same stimulus configuration both in shape and in color can facilitate seeing motion more than the different one.
These findings are interpreted to support the notion that there is a functional similarity in the processing of shape and color in the visual system.
